Abstract Orthogonal frequency division multiple access (OFDMA) has been adopted as the core physical layer access for a few broadband wireless access networks such as worldwide interoperability for microwave access (WiMAX). In WiMAX the primary concern is quality of service (QoS) support which aims to satisfy the diverse service requirements and to guarantee the required data rates from the available resources. Therefore, designing resource allocation algorithm becomes vital to maximize spectral efficiency. In this paper, two resource allocation algorithms are proposed, namely, weighted-rate adaptive slot allocation (WASA), and feedback delay-based slot allocation (FDSA) for OFDMA downlink system. The aim is to improve system performance by exploiting the available resources in a two-dimensional domain, and assigning the capacity for each user based on their achievable data rates and channel responses. During all these processes, fairness for all service types is ensured. Both approaches allocate appropriate resources and provide higher data rates for different service types by employing a weighted-rate factor and feedback information delay which are made to be greater than the minimum QoS requirements. Simulation results indicate that both WASA and FDSA achieve significant performance improvements in terms of spectral efficiency, outage probability, and fairness against the conventional OFDMA-TDMA and MAX-SNR algorithms. Comparison with recent works developed as adaptive slot allocation and reservation-based slot allocation has also been performed. The performance gains of both our proposed algorithms can be attributed to satisfying of the diverse multiuser and QoS requirements.
Introduction
The IEEE 802. 16 standard which has been implemented in the form of worldwide interoperability for microwave access (WiMAX) provides high speed triple play services such as voice, data and video [1] . With the increase in user demands for wireless internet access and growing diverse multimedia applications, a high speed transmission and efficient utilization of system resources such as power and spectrum are important consideration.
To exploit the wireless transmission medium efficiently and manipulate a multicarrier transmission system, orthogonal frequency division multiplexing (OFDM) technique has been adopted. Based on this, a wireless access protocol called orthogonal frequency division multiple access (OFDMA) has been developed, and it has recently been selected as the physical layer (PHY) access technology over wireless broadband communication networks such as WiMAX [2] . Particularly, IEEE802.16 standard defines OFDMA subcarriers as the core communications technology to support data transmission in a shared wireless medium [3] . OFDMA works at different orthogonal frequency subcarriers that are shared between contending users. The constructed rectangular slots are assigned to different users in a two-dimensional domain, time domain which is represented by OFDM symbols and frequency domain which is represented by OFDM subcarriers. In a given bandwidth, the resource allocation algorithms transmit at different time slots to different users considering the channel gain responses by applying adaptive modulation and coding (AMC).
AMC is a link adaptation approach for wireless systems to maximize the total channel capacity at different channel conditions [4] . The data rates are adapted to match the channel gains which can be represented by instantaneous signal-tonoise ratio (SNR). Users near the base station (BS) will enjoy increased modulation degree that leads to high SNR, consequently they can be allocated higher data rates, whereas users located far from the BS will have their modulation degree reduced, and consequently will experience reduced data rates.
In OFDMA systems, throughput can be maximised by exploiting the multiuser diversity and dynamically allocate subcarriers to users having the best SNR. Therefore, in order to maximize the achievable data rate, the entire bandwidth has been chunked into subcarrier blocks in a rectangular shape representing the frequency domain in one axis and time domain in the other to form rectangular slots. The MAC can be adapted to the multiple access OFDMA to provide diverse service for multiple users, where each slot extents one or more subchannels in the frequency domain and one or more OFDMA symbols in the time domain. However, subcarriers assigned to such blocks differ in construction in terms of width and length for their dimension. For instance, the lowest number of slots occupy the lowest subchannel and lowest symbol time. Moreover, the resources that are represented by rectangular slots are allocated based on the channel characteristics of the time/frequency domain rectangular slots as depicted in Fig. 1 . In order to maintain the system capacity with an increase of system performance, the transmission parameters of OFDM can be exploited using the fading channel information known at the BS. Therefore, resource allocation algorithm is crucial for efficient system utilization and increased performance.
Several works have investigated the subcarrier characteristics for cross-layer optimization of OFDM systems [5] [6] [7] [8] . Particularly in [5] , a multiuser OFDM-based cognitive radio resource allocation has been formulated using cross-layer mechanism, it minimizes power consumption and guarantees QoS for real-time services. The intent is to assign more resources to users located further away from the BS. This results in capacity deterioration for users that have good channel gains such as those near the BS. In [9] , a resource allocation strategy allocates more subcarriers to users that experience bad channels in order to maximize its data rate. Consequently, this will increase dropped resources among users with good channels such as those that are located near a BS. In [10] , the authors proposed a downlink resource management framework on a hierarchical resource allocation model; this involves service type's differentiation and aggregate resource allocator that allocates resources to users based on their respective priorities.
In [11] [12] [13] , the authors discussed the scheduling problem in term of fairness in resource allocation for multicarrier systems. In [14] , the maximum SNR (MAX-SNR) has been proposed to schedule a user based on the highest SNR, but this is not sufficient for multiuser diversity. In [15] , the authors proposed a scheme to maximize system throughput while satisfying QoS requirements of real-time and BE services. Although this strategy improves system throughput, it can cause starvation to other users that have bad channels due to insufficient exploitation of channel variations. This results in degradation of system performance and violation of fairness.
In [16] , a different strategy of resource allocation for OFDMA frames has been investigated. It proposed two simple allocation algorithms; adaptive slot allocation (ASA) and reservation-based slot allocation (RSA). In ASA real time traffic are served first before non real-time, and this obviously makes it unfair for non real-time traffic and jeopardizes the overall throughput. Furthermore, the criterion to determine the satisfaction factor is not sufficient to maximize the capacity when allocating the best slot with the highest achievable rate. As for RSA, it identifies each service type by a percentage. This mechanism allocates the best slot to the service types that can result in high throughput. Consequently, different service types must share the system based on these percentage, where resources that are allocated to these service types cannot exceed that dedicated percentage. Clearly, none of these options support dynamic resource management, since the whole allocation not fully utilized the two-dimentional resouces.. Furthermore, the achievable data rate for each user with QoS requirements is not efficiently exploited at specific symbol time when the modulation scheme is assigned. We intend to develop adaptive resource allocation algorithms that fully takes advantage of the degree of freedom inherent in OFDMA systems. Our goal is to design adaptive subcarrier algorithms that also satisfy multi-user diversity and maintain QoS requirements. This paper proposes two new resource allocation mechanisms. These resource allocation mechanisms perform a trade-off between maximizing capacity and maintaining fairness of the system while satisfying the QoS requirements. The proposed algorithms are designed to accommodate the variations of channel gains and select users with the highest SNR to perform data transmissions. However, in order to choose the best user for transmission we analyze the average achievable data rate based on Shannon capacity and targeted bit error rate (BER). The proposed algorithms are applied in both frequency and time domain; it is expected that the achievable data rates of the user increases as a function of its SNR and AMC. We maximize the achievable system capacity, which is defined as the total number of subcarriers in the form of a rectangular slots that can be transmitted in bps per Hertz, under BER constraint, for all users. Moreover, the system model for the proposed algorithms can exploit multiuser diversity, allocating in a rectangular slot taking into account the best channel conditions. The rest of this paper is organized as follows. In Sect. 2 we describe the system architecture and PHY configuration used by our resource allocation algorithms. In Sect. 3 the proposed resource allocation algorithms policy and analysis are introduced, and the results and discussion of their performance are given in Sect. 4. Finally, we conclude the article in Sect. 5.
System architecture
In this paper, we consider an OFDMA based WiMAX network in the downlink direction. The system model consists of a single base station (BS) and diverse service connections of several users,(K ) and they compete for a number of subcarriers,(N ) available in the system with total overall system bandwidth, B. First, the service prioritizations from the upper layers are classified in the BS into corresponding queues associated with their QoS requirements, and this is done through the connection identifier (CID) field. IEEE 802.16e categorises service classes into five types; real-time applications which have the highest priority level defined as unsolicited grant service (UGS), extended real-time polling service (ertPS), real-time polling service (rtPS), in addition to non real-time applications which include non real-time Polling Service (nrtPS) and best effort (BE), respectively. At the PHY different transmission modes as depicted in Table 1 , are controlled by the AMC which adapts the transmission mode based on the channel information sent to the transmitter through a feedback channel. These feedback signals are generated at the BS to select the appropriate transmission mode according to the instantaneous SNR [10] . In this paper, the total bandwidth is segmented into contiguous subcarrier containing 48 data subcarriers and 6 pilot subcarriers, for a total of 54 subcarriers to form a rectangular slot. This rectangular slot can be assigned to different users and separately loaded with the number of bits and allocated power. We assume that the total transmission power is equally spread over all subcarriers. We consider the transmission between the BS and users is controlled in rectangular time slots basis, where the size of a slot is adjusted so that the channel fading recognised constant over the whole slot and can varies from slot to another slot [17] . The AMC selects rectangular slots as a set of bins i.e. the AMC slot equivalent to 9 subcarriers to form a bin (8 subcarriers for data and 1 for pilot) which means N * T = 6 where N is the total number of contiguous subcarrier composed of 18 subcarriers in frequency (N = 2) and T is the number of OFDM symbols (T = 3), according to the IEEE 802.16e standard for the AMC permutation scheme discussed in Sect. 2.1. We assume that the users received the transmit information of the modulation and coding scheme properly. The AMC for all users are chosen based on the user's SNR. Various series of rectangular slots which are the sets of adjacent subcarriers in the frequency-time domain are assigned to different users. We further assume that BS is fully aware of all rectangular slots of each user and the channels are constant over the entire OFDMA downlink subframe.
Downlink permutation schemes characteristics
In IEEE802.16e, once higher layer data have been classified into their corresponding service type queues and scheduled by the MAC layer, they are mapped into OFDMA slots by a mapper. A slot is the basic resource unit in an OFDMA frame structure visualized as a rectangular two-dimensional block allocation [1] . In order to ease the resource allocation processes in the down-link, OFDMA slots are identified by using the permutation mode. There are two main classes of permutation modes; partial usage of subcarriers (PUSC) and full use of subcarriers (FUSC) modes. These are diversity permutation schemes, their function is to distribute the subcarriers of a subchannel pseudo-randomly over a wide frequency band. The second permutation mode is the adaptive modulation and coding (AMC). In this method a number of adjacent subcarriers are grouped into a band of AMC subchannel. In a multipath fading channel, it is likely that different subchannels experience different levels of fading. Achieved data rates can be maximized by adjusting the modulation and coding rate according to the fading level of each subchannel [1] . In each frame, users connections are allocated a successive set of subcarriers, thus forming a rectangular slot. Each allocation is represented in the DL-MAP message by the slot offset plus the number of slots in the allocation frame. The BS combats fading on each slot by changing the modulation scheme. In each rectangular slot, the users experience the same modulation scheme, achieve the same corresponding bit rates, which depends on the distance away from BS. The objective of AMC is to maximize the data rate by adjusting the transmission modes to adapt to channel variations while maintaining a prescribed BER.
In this paper the AMC permutation mode is used to dynamically adjust the data rates to the time-varying fading channel. Table 1 [1] , presents the AMC for IEEE 802.16 OFDMA. As can be seen, the AMC for each user is selected based entirely on the SNR in each rectangular slot. In this paper the required BER under AWGN channel is set to be 10 −3 .
Physical layer model configuration
At the PHY layer, the resource allocation algorithm considers the Channel State Information (CSI) to prioritize each user and allocate the subcarriers for the highest priority user. In order to handle those priorities, we employ the AMC to increase the spectral efficiency of varying channel gain g (n,t) under Additive White Gaussian Noise (AWGN).
AMC switching points can be determined by the maximum allowable distance between a BS and its subscriber stations. This distance is determined using the highest SNR a user could receive without any loss. Therefore, the highest received SNR calculated in a situation that specified by the presence of path loss P L is performed. This consequently partitions the cell into sections S i , i = 1...S, which are concentric circles of radius D i in order to calculate the area exposed by each modulation scheme. A higher modulation mode is assigned to users whose path loss P L i is much smaller than other user with a given path loss P L. From [18] , the free space model path loss is given as
where G E is the emitter transmitter antenna gain, G R is the receiver antenna gain, D is the distance between the transmitter and the receiver and λ is the wavelength of the signal. This path loss can also presented in the following form:
where P E is the emitted power and γ is the thermal noise given by
where, τ = 1.38.10 −23 Watt/(K Hz) is the Boltzmann constant, Υ is the temperature in Kelvin (Υ = 290) and B is the transmission bandwidth in Hz. Using the above equations, we can calculate the relationship between the distance and S N R as follows
The area of each section S i is given by
where D 0 = 0, the emitters are assumed to have an emission power P of 1W and i is the user distance from BS. Without loss of generality we consider the case of antennas in BS and user equipment without gain, i.e., G E = G R = 1. Let M < ∞ be the section that can be defined by the threshold
is used when the instantaneous received SNR falls in section S i where,S i ≤ S ≤ S i+1 .
System capacity
The spectral efficiency (capacity) is analyzed in this section for the resource allocation algorithms in frequency-time dimensions based on the well-known Shannon capacity [19] 
where C is the capacity (spectral efficiency) of the channel in bits/(s Hz) and SNR is the signal to noise ratio. In this system model we consider the kth users that have their diffrent minimum requirements denoted as R min in bit/s. Furthermore, bit error requirement B E R k for each user supports the QoS for both Real-time and non Real-time applications. As shown in Table 1 [1], the appropriate modulation mode is selected based on the received SNR, therefore, the achievable data rate (throughput) for user R k is a function of the received SNR and targeted BER which can be computed based on [20] as follows
where α k is the targeted B E R which is equally distributed to all users whose targeted B E R k equal to 10 −3 specified as in [10] is
The channel is modelled as a time-varying gain plus AWGN. In our system model, users K are assigned with N subcarriers, a process called subcarrier allocation. At the same time the model considers the number of bits per OFDMA symbol to be transmitted with each subcarrier. Here the process to choose the number of bits called bit allocation procedure, determines how to optimize the number of bits that should be allocated to each subcarrier corresponding to their respective QoS requirements. In this case, the AMC takes effect to adapt the transmission mode based on the achievable data rate that can be transmitted.
The resources in OFDMA are captured in both frequency and time domain. A user can be allocated subcarriers as a rectangular slot at different frequencies and different symbols time within the same frame. The capacity for a subcarrier in OFDMA is formulated as follows
where g n is the channel gain, P 0 is the power over all the subcarriers and T n is the time slot number, the resource allocation is treated on a frame by frame basis. Hence, the capacity of a subcarrier in one OFDMA frame can be written as
where, B N is the inverse of T n , B is the subcarrier bandwidth; T n is the symbol time and P 0 , γ are the transmission and noise power spectral density of AWGN channel. To maximize the spectral efficiency, the power across all subchannels is assumed to be distributed equally. Therefore, Eq. 11 shows that the power distribution for a single user k on subcarrier n at symbol time t is
The capacity of a rectangular slot in a two dimension frequency-time domain over one frame can be formulated as
Problem formulation
In this section, we highlight the resource allocation problem of rectangular slot visualized in two dimensions. The rectangular slots are allocated in frequency-time domain which entirely achieve the channel attributes of time diversity with frequency diversity. The capacity of one rectangular slot in one OFDMA frame for a user k is computed as follows
where
This value is highlighting the maximum capacity of n th subcarriers that assigned in each slot to a particular user.
In our scheme, one rectangular slot is solely assigned to one individual user, whereby P n,t = 1 indicates that the (nth, tth) rectangular slot is allocated to the kth user and therefore, we have constraint that has to be fulfilled as follows
The achievable data rate for a user in one frame is
The maximum achievable data rate for a rectangular slot associated to a user is given as,
The overall maximum achievable data rate of the system is represented by the fulfilled demands allocated to the users
The aim of the maximum achievement rate resource allocation algorithm is to maximize the total capacity whilst each user's minimum requirements are satisfied within a targeted BER constraint. Then the scheduling problem can be written as (20) Subject to :
Resource allocation policy
In this section, the role of resource allocation algorithm is presented for weighted-rate adaptive slot allocation (WASA) and feedback delay-based slot allocation (FDSA) algorithms.
WASA
The resource allocation algorithm initially selects users to allocate the available resources based on the required QoS for each service type, in order to guarantee the level of priority and characteristics for each connection. Denote a selected user as k * , hence the priorities for all users in the system is given as
First, we prioritize the users based on their weighted-rate factor, which is the minimum requirement for each connection. This takes into account the achievable data rate in a rectangular slot along with the corresponding QoS requirement for each user, to ensure that the dedicated slots will assign greater resource than the user's minimum requirements. The objective is to achieve maximum data rate for each connection, and consequently distinguish the service type priority for real time over non real-time connections. This is done as follows.
where W k is a weighted-rate vector W k * , k * = 1, 2, 3, ..., K of users and C
(k)
slotn,t is the channel capacity for user k in one rectangular slot. This indicates that users with higher weighted-rate will be assigned with a higher number of rectangular slots. The algorithm starts with the highest QoS requirement, which is UGS service class, to be handled with the initial procedure in order to guarantee the QoS and enhance system utilization.
Subsequently, the algorithm calculates the achieved data rate for each connection in a descending order based on the following inequality
Users that have not received their minimum requirements will be allocated from the highest weighted-rate factor, this is done by selecting the lowest rectangular slot that has been assigned to this user and allocated with the lowest W k . Then it will check if this will not violate R k − R (k) min . For the selected user this procedure will continue till the user achieves its minimum requirement. Then it will step to the next highest weight factor for the next reallocation process. This is performed on per user basis whereby this operation will be iterated for all users where only one user at a time is selected to do the reallocation process. This will maintain the system capacity by providing highest time slots to users enjoying good conditions and guarantee the least user get its minimum requirements.
FDSA
When the path loss becomes large or the mobility of a user increases, WASA algorithm becomes unfair. Furthermore, some of the users already existing in the network might not be able to access the channel during a frame transmission, hence suffering long delays which will subsequently degrade the overall capacity performance. To overcome this drawback the following slot allocation algorithm is proposed as a tradeoff between fairness and capacity. This will improve fairness in slot assignment and maintain high data rates to improve system capacity. It is usually noticed that several applications contend for and split a limited amount of resources. Due to the differences in resource availability in the network, applications may not be able to meet their service requirements at all times. However, there are a variety of applications that can accept and tolerate resource scarceness to a certain limit, and can pick up their performance if allocated a larger share of resources.
The FDSA resource allocation algorithm is designed in such a way that non real-time applications can grab any unused network resources after allocation to real-time traffic. A suitable control method must be put in place to guarantee that the network resources can be shared fairly and that performance objectives such as QoS requirements can be preserved. Thus in this section, a service type feedback information delay with varying SNR responses is presented. This feedback information delay relies on MAC and physical layers for each service type's application to distinguish the number of slots that must be allocated [21] .
The purpose of feedback information delay for realtime service is to utilize the available bandwidth efficiently and assign it evenly between active connections. The feedback information delay is fed into the resource allocation algorithm which adjusts its traffic in agreement with this feedback delay. This method will be utilized to identify the time slots needed to adaptively al-locate to users in order to trade-off between spectral efficiency and fairness while fulfilling the QoS requirements. We model the data rate allocation using adaptive weight control for k ∈ U GS do 10 Allocate best rectangular slots using (27); for k ∈ er t P S&rt P S&nrt P S&B E do 14 Calculate the achievable data rate based on (17);
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Sort the k th as;
Allocate k * with highest rectangular slots using (26);
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Update k * with m(t, n); Check all K that achieved less than their minimum requirements using (28);
33
Sort the users as;
35
For the found k * ;
36
Allocate highest slots to this user as;
38
Update k * with m(t * , n * );
48 end 49 end 50 END which is done by multiplying the ratio between weightedrate to the total weighted-rate factors with their channel gain responses S N R (k) n,t in all rectangular slots, as follows
The average slot capacity of the kth user can be aŝ
Weighted-rate share for a connection is determined by its rate constraints given by
Slots are initially allocated to each user based on the channel conditions and the weighted-rate share for each user, this is done as followś
whereή is the number of slots initially allocated to each user. Once the kth user gets the allocated slots, it will not be assigned any more slots until all the users are assigned their pre-determined proportion of slots. The initialization phase allocates users that have best channel conditions to be assigned first. In a subsequent processes, the remaining slots are allocated based on other selection mechanisms by rearranging the residual users based on a feedback information delay to distinguish the achievable data rate for each connection. Again this to provide fairness for all service types classes.
In the first allocation step it selects the rectangular slot with highest SNR to be assigned to the user that achieves the highest achievable data rate. Next it will allocate the number of slots based on the feedback information delay as well as the higher channel condition response and priority. The feedback information delay can be obtained from the MAC layer as follows [22] 
where M L represents the maximum latency of the service type application, SL i is the scheduler delay for selecting head-of-line packet (HoL) and F D represents the frame duration. Let us denote the unallocated slots by δ; new number of slots allocated byN is given as
The second allocation step chooses users that this rectangular slot will give their minimum requirements. Otherwise it will choose another rectangular slot. This procedure will increase the opportunity for non real-time traffic to get the resources when their feedback information delay is higher regardless of their lower QoS priority. In the same manner, this mechanism will restrain real-time service classes with higher QoS requirements to get excessive bandwidth while their channel gain is bad. Furthermore, the feedback information delay mechanism guarantees that real-time applications get their QoS requirements, and restrain non real-time application from consuming excessive resource when their channel is good.
The main differences between these two algorithms are noticeably the slot allocation procedures. WASA compensates all real-time service types prior to the service of non real-time applications in response to their weighted-rate factor, which leads to occupying the whole resources while FDSA grants each service type a proportionate number of slots in response to their corresponding feedback information delay and their channel gain. The second difference is that WASA allocates the higher rectangular slots depends on the highest achievable data rate, while FDSA allocates these rectangular slot to the service type corresponding to the violation of feedback delay and the required QoS.
In the optimal solution such a complexity still grows exponentially with the number of constraints and integer variables [23] . To further reduce the complexity, we decompose the resource scheduling problem into three steps. In the first step which is treated as the initial allocation search, the resource rectangular slots are scheduled without the rate constraints (12) , afterwards based on the first step allocation, resource allocation is adjusted step by step to meet all the constraints (13) and (20) . Thus this kind of resource allocation brings much lower computational complexity. In order to analyze the computational complexity of the proposed algorithms and compare it with other existing algorithms, we consider two integer variables, K which denotes the total number of users in the system, and N which denotes the number of subcarriers. Therefore, the Initialization step of WASA requires K growths to establish the initial number of subcarriers N , and also rectangular slot is calculated K times. Thus, the complexity of this initialization step is O(K ). In second step of the same algorithm, R k is calculated K times which is O(K N). In third step, the user with
min . Hence, the complexity associated with the number of users is O(K N), the K users complexity for WASA algorithm is given by O(K (N N − R min )) complexity which is also the overall complexity of WASA resource allocation algorithm.
In FDSA, the initialization step sort K users by higher subcarrier SNR which has O(K N) complexity. Then, the complexity of the classification of K users into different service types is O(K ). Thus, the complexity of this initialization step is O(K log2K ). In the second step, for each user of one service type queue, the best subcarrier is found which has complexity as O
In the third step of FDSA, rectangular slots are allocated to users of one service type queue until each user gets his allocated R
subcarriers. In the worst case scenario, the complexity of this step is O(K N). This is because the number of users are much smaller than the number of subcarriers (i.e., K << N ) and under this assumption we can write N − K ≈ N . Thus, the proposed algorithms reduces the system complexity by O(K N) which is equal to the complexity proposed in [14] . Furthermore, the computational complexity of WASA is less than that of FDSA and the complexity of both algorithm WASA and FDSA is much smaller than that of the optimal scheduling in [23] , which makes algorithm WASA and FDSA practical for real-time scheduling.
Results and discussion
Through computer simulations, we evaluate the effectiveness of both algorithms on frequency selective Rayleigh fading channel with a target BER of 10 −3 . In order to study the performance of the proposed algorithms in term of QoS and capacity, we compare them with four different algorithms. The first algorithm is OFDM-TDMA which has been adopted by IEEE 802.16e [1] , where the allocation of slots is done randomly by choosing each time a service type in a round robin manner. The second algorithm is Maximum SNR (MAX-SNR) [14] , which schedules users based on highest channel SNR responses. Finally the proposed algorithms are compared with the latest schemes ASA and RSA proposed in [16] .
We consider the downlink of a single-cell IEEE 802.16 systems based on OFDMA and Time Division Duplex (TDD) mode with cell radius of 1.5 km as standardized in [3] . Table 2 summarizes the simulation parameters that are used in the simulations. The modulation order and coding rate in AMC is determined by the instantaneous SNR of each user over each subchannel. We adopt the AMC shown in Table 1 , which specifies the minimum required SNR adopted by the IEEE Algorithm 2: Feedback Delay-based Slot Allocation (FDSA) 1 Initializations status; 2 K ← k * The selected user from the set of users; 3 M ← m(t, n), t = 1...T , n = 1...N The set of unassigned rectangular slots ; 4 M = φ The set of assigned rectangular slots where M ∩ M = φ; 5 U k is the slots allocated to a user k * ; 6 BEGIN ; 7 for k=1 to K do 8 Calculate the capacity for each rectangular slot based equation (13); 9 for k ∈ U GS do 10 Allocate the best rectangular slots using (27);
11
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15
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20
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24
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26
Update k * with m(t, n); Find the lowest slots allocated to users K such that
39
40
slotn,t ;
42
52 end 53 end 54 END 802.16e [1] . Since the performance of UGS service type is well defined by the standard and BE connections do not have any specific QoS requirements, here we only focus on the performance evaluation of rtPS and nrtPS connections. Outage probability versus number of users for different service type applications is shown on Fig. 2 . One of the important performance measurements for a diverse service type in fading environments is the outage probability P out . It is a useful performance measure in wireless networks especially when channels experience different S N R. P out (R k ) is defined as the probability that the output achievable data rate of the user falls below a given output threshold R k , also known as a protection ratio, which depends on modulation technique and required QoS. This probability is measured for each user as shown in the following
It is interesting to observe that for nrtPS and BE, outage probability deteriorates, because the achievable data rate R k for their connections are decreased due to the increased resources allocated for real-time applications, which noticeably leads to a drop of outage probability.
The OFDM-TDMA shows highest outage probability amongst them, this is because OFDM-TDMA allocates a fixed resource slots regardless of the various channel response for diverse service types. WASA and FDSA show lower outage probability due to the procedures used to handle diverse services as described earlier and to maintain fairness amongst service classes. Figure 3 shows the spectral efficiency of the respective scheduling algorithms against channel SNR with BER set to 10 −3 . WASA and FDSA are compared with Max-SNR, OFDMA-TDMA, adaptive slot allocation (ASA) and reservation-based slot allocation (RSA). It can be seen that MAX-SNR scheme achieves the highest capacity among all these schemes. This is because it allocates slots that have high SNRs. It is also seen that the proposed adaptive allocation algorithms achieve significant gain over the adaptive allocation schemes, ASA and RSA, since the resources in ASA and RSA are allocated based on reservations and the remaining slots are left unoccupied. In contrast, WASA and FDSA support urgent traffic to be allocated with the best channel according to a weighted-rate factor and feedback information delay. It can also be observed that WASA achievable data rate for a rectangular slot performs better than FDSA because the urgent delay-sensitive traffic of real-time applications considered here are given channel with higher SNR. On the other hand, OFDMA-TDMA allocates stable resources of rectangular slots repeatedly at targeted SNR. It must be highlighted that as SNR of the system increases, the capacity of WASA and FDSA increases along with satisfactory QoS requirements. Figure 4 shows the spectral efficiency of the rectangular slots for up to 30 users. The proposed adaptive subcarrier allocation algorithms can utilize a capacity very well among users according to the QoS constraints close to the optimal solution. However, for WASA algorithm, since realtime users have higher priority and higher minimum requirements, and at the same time require higher resources, those particular users utilize a significant part of this capacity. But for non real-time users experiencing bad channel, they will only be served with their minimum requirements. It can also be seen that the capacity for OFDM-TDMA is higher than ASA because of their fixed resource allocations for users having higher channel gains.
The main purpose of the spectral efficiency metric is to show the capacity performance for allocating slots to diverse users with QoS constraints in the whole system. Clearly, the proposed algorithms achieve higher capacity than ASA and RSA. This stems from the optimization of rectangular slots, which allocates higher number of subcarriers to the higher weighted-rate user in order to urgently allocate to the realtime traffic. Figure 5 shows that spectral efficiency in WASA algorithm performs slightly better than FDSA algorithm when the number of users reaches seven. As the number of users increases further, there is a slight degradation in WASA performance relative to FDSA algorithm. This is because the minimum requirement of nrtPS enforces fairness when the number of users increases.
Although it is reasonable for users with QoS constraints to decrease their resource opportunities when adding more users, our proposed algorithms satisfy the required QoS as compared with the static allocation OFDMA-TDMA scheme. This scheme selects connection with the best channel for transmission. However, the constant allocation mech- anism as in OFDMA-TDMA that does not consider the increased number of users, leads to inability of the system to provide sufficient resources to serve all connections. On the other hand, it can be seen that the proposed algorithms can achieve good performance, since the system can allocate adequate slots when the SNR is higher. It is clear that the spectral efficiency of the nrtPS traffic is maintained especially in FDSA, where the feedback information delay can give higher slots for real time applications. Figure 6 shows the simulation results of spectral efficiency of the proposed algorithms for various number of rtPS users, in comparison with MAX-SNR and OFDMA-DTMA. It can be seen that WASA and FDSA achieve higher spectral efficiency than MAX-SNR scheme. This algorithm allocates the slots based on SNR regardless of other constraints and priorities. WASA allocates resources based on higher achiev- able data rate together with channel qualities, whereas FDSA counts fairness by feedback information delay to allocate the slots based on the maximum channel gain. The overall priority is given to real-time service users and this maximizes the achievable spectral efficiency. On the other hand, OFDMA-TDMA performs in a static manner and allocates the resources regardless of their priorities. Figure 7 shows the achieved data rate for respective subcarrier indices with respect to response to channel gain. The number of bits achieved reaches almost optimality. It considers both QoS requirements and fairness among the connection requests to support the diversity of user applications.
Finally, Fig. 8 shows the fairness index of FDSA compared with OFDM-TDMA and MAX-SNR for all service types. The reason behind selecting FDSA is due to the fair treatments for all service types achieved by feedback information delay whereas OFDM-TDMA and MAX-SNR evenly reserve allocation even with different channel responses. MAX-SNR considers a higher SNR response and OFDM-TDMA treats traffic in a fixed manner regardless of priority or other constraints.
Accordingly, we use fairness index defined by Jain for each algorithm [24] . This definition indicates that the greater the fairness index the better it is in terms of fairness. Thus we can conclude that our FDSA is better in terms of fairness than the MAX-SNR and OFDM-TDMA. This is attributed to the feedback information delay that is fed into the algorithm for allocating the required rectangular slots. In FDSA, even if the service types have poor channel response, all users can guarantee their minimum requirements; this is due to the optimization of the achievable data rate mechanism used which directly contributes to the adaptive weighted-rate factor to guarantee worst case minimum required rate. On the other hand, MAX-SNR does not allocate the capacity fairly to all users because it treats all users' application equally and allocates subcarriers based on channel quality rather than guaranteeing their mini-mum requirements. Finally, OFDMA-TDMA fairness index is the lowest since it perform constant allocation for each service type and ignores data rate requirements
Conclusion
In this paper the multiuser diversity resource allocation in downlink direction for mobile WiMAX networks based on OFDMA has been described. We have developed two slot resource allocation algorithms that exploits time and frequency domain, with their respective channel responses, namely Weighted-rate Adaptive Slot Allocation (WASA) and Feedback Delay-based Slot Allocation (FDSA) in OFDMA frame. Both algorithms aims to satisfy QoS requirements of the diverse demands and at the same time maximize spectral efficiency. However, these algorithms have been developed with different approaches. WASA classify the users based on their weighted-rate factor, which is greater than the minimum requirements, to distinguish the achievable data rate for each connection in each rectangular slot. This weighted-rate factor takes into account the achievable data rate along with the QoS requirement. Users that do not receives their minimum requirements will be compensated with slots from the highest weight factor users that do not violate their QoS requirements. On the other hand, FDSA allocate the resources based on feedback information delay, which adjusts its traffic in agreement with the feedback to assign the number of slots that must be allocated to the corresponding service type. The purpose of feedback information delay for real-time ser-vice is to utilize available bandwidth efficiently and assign it evenly between active connections. We have shown that WASA and FDSA are more superior than MAX-SNR and OFDM-TDMA, even over more recent ASA and RSA.
We investigate the spectral efficiency, outage probability, and fairness for both algorithms for diverse service types. Results show that WASA and FDSA perform more superior with respect to the conventional OFDMA-TDMA and MAX-SNR algorithms. In particular, WASA gives higher spectral efficiency with respect to a fixed slot allocation and the FDSA considers maximizing the spectral efficiency while maintaining fairness for each channel realization.
